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SUMMARY

grsund resonansa condifions typically require
ian 9f augmented bilade inplane damping and
of Totor and fuselage frequencies. The present
stigat2s tha effactiveness of active contreol blade
in  increasing rotor/body damping and possibly

g grcund rTesonance instabilities.

cai model representing rotor flapping and lead-lag

f <+readem and body pitch, roll., longitudinal and

D

fizm s daveloped The _equabi:ne 2% mo%ion arsz
z~d Sransformed into constant coeFFicientAForm.
hering sppears as 3 forcing term in each of tﬁe
frzadzm. A thorough correlation uith experimental

aiazs *otar data is5 canductad %5 valigaste %the model

Mou=2T praogram.

ntrel blades featharing 15 impiem=nted as stats

* through 3 conventional swashplate. Tha

23dhac

[V

+ wvarious fzedback sfates, Feedback gain, and
bariueen the cyclic controls (fsadback phasel is
hrowgh stability and Tresponse snalyses. Results
blade cyclic inplane motidn. rall rate and roll
on feadhack can add considerable damping Lin the

elirinate ground resonance instabilities

ORIGINAL Pi\"{.E ::
OF POCR QUALITY
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The feedback phase is seen 9 ba a powerful parameter. If

chosen | proaerly it maximizes augmentation of the regressing

iag mods innxa2ren®t damping. For toll acceleration feedback

the feedback ph3se has considerable effect on the Toll mode

frequen

frequenc Thiz could be wused for acktive control of
fu placement and wuould indirectly improve system

zy.
stgbilitq.

Roter configuration parasebers, ﬁamelq bYlade root hinge
offset,| . flapping stiffness, and precone have considerable
influence an %h2 control effectiveness, R2sults show that
active | consrel is particularly powerful for hingeless and

tearingiess ~:7:" systems.
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INTRODUCTION

Aeromechanizal rotor/fuselage instability, specifically

ground Tesnnanca instabilif:y, can occur +¢cr articulated,

hingeless, and bearingless rvotors. Typically a range of
varioqus payleoad configurations are encountered for a
particulal haiicoapter. This makes it very difficult to avoid
ground resonance hy tailoring the body and inplane rotor mode
|

frequencies to avoid cnalascence for all aperating
conditionl. Thus, the designer in many cases has ta resort
to m=2chanical lesd-lag dampers for articulated rotor systems.
Tais o=zans ircreased cost: complexity, maintenance, waight
and hub drajg. Hingeless ro%tor systems hava noat seen
extensive | ysas in the helicopter industry, in part, because
of poor inharent aeroelastic stability characteristics

Coansequantly a r2ans to increase aeromechanical stabzriity in

a reliable| manner could significantly improve %the utilization

of all rotor hub design contigurations.

The purpos2 gf the present-sﬁbdq is to evaluata the po*tential
use aof active blade pitch .ﬁontrol to 1inzrease rTotor/body
system daniing. Such an app;ication could possibly eliminate
the nead |feor nechanical 'lead-lag dampers %o augment rotor
systen damping. Stabilizing:effects can arise bath from the
coupling .Tetueen blade flaz and body dearees of freedom. as

vell as Céwioiis coupling boctween blade flap and lag motion.

|
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The concept of active control blade feathering has been

successtully damongtrated for vibration reduction and the
tachnology | is now availavble for advancad applicationé.
Showing analytically the fessibility of using active control
te eliminate ground resonanca would represent a further step
towards an advanced, fully integrated, nultimode control

systen.

Section 2| s:arés with a3 literature revieu of the two

ingredients of the present study: helicopter aeraomechanical
stabiliby lnd application of active control blade feathering.
This is folloued by a sumniry of the objectives of the
present work Mext, in Szction 3 the assumptions on which
the mathemltical model of tha rotor/fuselage 1is based are
describad |and an outline of the derivation of the equations
of motion and soiution procedure is given. The complete
equations | of ro%ion are lis%ed in the Appendir. To validate
the governing equations of notion a correlation study was

parformed. In Section 4 results of the prasent analysis are

compared with 2rjerimental data and existing analyses.

The inplementation of the active control syséem and various

control methods are described in Section 5. All numerical

_results, described in Section & are based on state variable

: feedback control, These active control simulations are

intended to show the effect of various feedback variables on

systen stability and provide a systematic approach in
|
choosing the feedback parameters. The effect of key rotor
PAGE S
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" BACKGROUND

Passibly &h2 nast fundamental instability associated with
rotorecraft is ground resonance. This description strictly is
inccrrect since tha phenomenon is in fact no¢ a resonance but

a true instability. A more appropriate name 1is mechanical

instability which has seen mare use in recen% years. This is

an approprigte description because the pha2nomenon can occur

in a vacuunm.-

Ground resonance, as a machanical instability in articulated

THLtOTS, is v2ll understood. The classical weorks of Caleman

and Feingold. Reference 1. and Deutsch, Reference 2
identified +the rotorcraft parameters and their relationships

in do2fining 4<%is mechanical instability. teir works showed’

that the ashznorenon is fundamentally simple but that the

relationships required for s%ability amang the parameters are

very complex They also shoued that mechanical instability
is possibla only wuhen ¢the natural freguency of the rotor

blade lagging (or inplane) notions is less than the speed of

rotation of the rTotor.

In simple tar=s. mechanical instability can occur if: 1) The

lag freLuencq 9f ¢the rotor blades is less than the rotor
speed (soft inplane), 2) The lag frequency ninus the rotor
speed.'i(e., +he regqressive lag mode frequency., approaches or

coalesces with:  the frequency of an airframe mode, and 3)

Certain | relationships amcng the blade 1lag damping and
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airframe modal damping, and the effective rotor mass and

airframe modal masses are satisfied.

Coleman’s equa‘ians have been used extensively ¢to define
stability boundaries for articulated rotors and determine the
blade and | fired system damping values rTequired to prevent

ground resonance. For exarple see Reference 3.

Hingeless rotor systems aof the soft inplane type have added
another aspect *+o the mecuanical stability problem. Thair
inherently | lou blade structural damping and lack of
machanical | blad2 dampers can rasult 1in severe mechanical

instability prchlems on the ground (as an esception, the Lyn»x

rotor has mechanical dampers). Bearingless ro%tors., in many

cases, incorparate elastomeric snubbers which can be designed

|

tc add danapging to the blade structural damping for inplane
blade motiTn. In addition, %he eiastic flaspping of hingeless

or bearingless rotors and %the rtesulting large hub moments

l2zad to greatsr aeroelastic coupling between the rotor and

~airframe both on the ground and in flight. Thus a hingeless

roftor can| experience both ground and air resonance, more
appropriately de=cribed with the common term aeromechanical

instability.

Evidence of *he significance of the encounterad problems are
the numerous publications daaling with the aeromechanical

‘stabilitq‘ of actval hingeless and bearingless rotor designs,

‘References 4-10.
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While hinLeless rotor designs are attractive <¢through their

nechanical sinplicity, analytical modeling is complicated dve

to sg%roang gaerodynamic, insrtial, and structural coupling as
well as| inherently noﬁlinear blade deformations.
Considerable research ec¢ffort has been directed towards a
better Tnderstanding at  the hingeless rotorcraft

aeromechanical stability problem and investigation of design

parameter; that would increase blade lead—-lag damping. A

small sample of this wort, which 1is used in the present
study. il cited in References 11-17, Both analytical,
Reference| 11, and experinental work, References 12 and 13.
have bean|parfcrred. Recenitly, increased emphasis has been

placec on correlation between analytical and experimental

resulés. In Retarences 14-"2 three differant analyses of

-various sophistication are correlated with the experimental

data regortad in References 12 and 13. For this relativeiy

simple hingaless rctor/body configuratian, agreement 1is
generally [goed. Furthermore, it seems that some of the
discrepancias can be ra2moved by improvements in the
aerodqnfmgc ngdgling{ as shoun in Reference 15. However,
Reference | 17 indicates ¢hat when attenmnting to model more

realistic hingel2ss blade designs or bearingless rotars,

existing analyses lack sufficient accuracy and consistency in

theirT aeromechanical stability predictions. Thus, it is

evident thst ccocnsiderably more resesarch is needed to develop

better analytical madels and validate them against test data.

A modern | rotorcraft must operate in a severe dynamic and

PAGE @
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aerodynamic environment. This includes atmospheric

turbulence:, ‘higiher harmonic blade air leoading and bending and

shatfé loaids, stall +flutier and other potential blade
instabilities, imoulse loading due to blade/fuselage
interrerenca, and advancing blade Mach number effects. The

application of active <control blade feathering makes it
feasible |tp alleviate sone or maybe all of these effects
while impréving fotorcraft vibration and handling
charactarisztizs and thus- 2xpanding the ro¢orcraft flight

envelope. Sone of the difierent approaches and possible uses

for active control systems for rotars are described in

References iS-a9.

408t of |the past studies in active control for rotorcraft
have dealt wi*h gust alleviation, e.g.,. References 21, 22, ar
vibration | reavction. Referenca2 23 describes the firszt
successrtul fligit of higuer harmonic active <control for

vibra®tion [raduction. It alsu contains an ar%tensive reviaw of

previous work in this area. In these studias, poth open iocop

and.c;osed lagp adapﬁive-;nii gain schedulad controls have

Eaan useJ ts minimize vibtétxons. Researzh in this area 1is
| |

still ongoing. e.g., References 24-26. However, the data

raported |in Reference 23;vclearlq shows that advances in

anboard computers. sensor aﬁd actuator design, and nmnodern

contvol thesry have made vibration reduction thraugh aétive

control a Teality.

| .o
‘ .
Application of active control to improve rotor stability has

i*AGE 10
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received little attention in the past. Of particular
interest tharefaore is Refarence 27  in which the

|

aeromechanicai stability of hingeless rotor helicopters and
tae aleicatlan of feedback% control to augment system damping
was sJudied The baselin=s rotor/fuselage configuration
regsembles an S—-52 helicopter. However, the ro%tor is modelled
having ~FourA-hingéles§~Vblades with a flap and lead-lag
frequency of 1.15 and 6. 70 cycles per revolution,
respectively, a% a rotor ¢tip speed of 450 ft/sec. DBlade
structuwal damping is assuned to be one-half percent of
critical 1la2zd-lag damping. This configura€tion exhibits a
slight ageromechanicel instavility on the ground, +far thrust
to weight ratiss grasater ¢than 0.6, =2ard iIn hover. The
unstable| node is dq?inantlg a fuselage roll mode. The use of
active éontrol was studied by implementing fuselage roil
pasition| and rall rate éeedback into a se% of swashplate
;:tuators in erder to generate longitudinal and lateral
cyclic blade pitch commands. Feedback of fuselage pitching
motion uas not pursved sinFe the unstable mode has oﬁlg a
relativéfﬁ scéil ﬁif;ﬂ caoanponent. Numerical results of

Reference| 27 are presented by plotting damping values of the

critical | mode as  obtained from eigenanalyses. The
corresponding rraguencies are not presented. These rTesults
show tha feedtack of roll position and roll rate can

stabilize|the unstable roll node both on the ground and in

haver. In Reference 28 blade 1lag rate feedback through
\

individua%—blaée—control was used to augment the 1lead-lag

\

mode damping of isolated rotor blades. Two blade mounted

PAGE 11
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accelerometers are uced to s2nse blade lead—-lag acceleration.

This signal ils ¢then integrated and rate information 1is fed
back ¢ta an | aciuator that controls the pi%ch angle of an
individual alzde. This ccontrol system is applied to an
articulated |model rotor blade. Data Froﬁ a simplified
analytical hover model show that feedback control can
increase %he lajldampihg ratio, while the flap damping ratio
is slightly| reduced. E»perimental results confirm that
feedback iuncreases damping of the 1lag mode both in hover
(83/4 = 8B de;) and even more so in forward flight (u = 0.27).
Reference 29 farculated the eguations of wmotion for air

rasonance af hingeless rotcr halicopters with active control

tivs, longitudinal and lateral «c¢yclic blade

Gf the roll

hY

pitch inputs Hare, the blaie motions are represented by the

fundamental | slastic mode shapes. No numerical results are

oresentad. In Reference 30 +fe dback control was wused to.

inprove the L tch-+flap stability and Tesponse of single votor
var

blades in h

independent actuators, pernisting independent contral of the

The contral system is aszumed to have four

$#lap and } “ch displaceﬁantés and velocifties. The control
system para= ( *ars are detetnined using claszical and modern
control thacrg techniques. ‘Mumerical rasults are presented
for a ﬁine—Fodt diameter modei.rotor system. For this rator
the flutterw spead could bé raised from 67 rad/sec to 150
rad/sec thrﬂugh applicatiﬁn af feedback control. At the same

time the dynamic response of the rotor at suberitical rotor

speeds was louered.

PAGE 12
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From a reviaw of the literature it is clear that most of the
previous applications of active control to rotarcs have dealt
with responsa prablems, such as gust alleviation or vibration

rajuction. While by no means simple problisms, measurement of

the quantitiss %o be controlled:, wnamely gust or vibration

resgonse, (is well wunderstood. Thus, control systems for
these problems are generally designed to be adaptive. In
addition, for wvibration <control the frequency of the

(S

oscilla%ory control inputs is fixed at multiples of the rotor

speed. Thus, for preliminary investigations, the
accelerations of the pilot’s seat could be used in an open

loap ®ype of control to mininize vibrations in steady flight;

Reference| 23.

To directly ewvaluate the performance of an active control

systes or| design an adaptive <control systzm For stability

qugmentation is a considerably more <difficult problem.
Dynamic stability measuraments, even off-line, are
particularly problematic for helicopter aeromechanical

stability wher2 rotating and nonrotating systems are directly
toupled, many dzgrees of rfreedom are involved, and the

process and neasurement naise levels c¢an be very high;

Reference 321 Potential use of real—-¢time parameter

identification techniques ta determina rotor damping

parameters cr cormplete system dynamic stability has been

studied: | Retferences 32 and 23 This issve will require

|
ajditional wer¥ in the future 1if the <concept of active

control %o increase rotorcrartt aeromechanical stability is to

PAGE 13
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purpos

ilized.

2 n* %he present study is to =2valuate in depth the

potential fzor wsing active bladz pitch control to increase

rotor/body

summarized

1)

2)

3)

4)

Investi
system
state

before

frequen

Study
feedbac
cyclic
choose

augnment

Investi

speed %

Assess

perform

sysLem damping. The detailed objectives can be
as follcgsg
gata the influence of stéte variable feedback on
danping. Includi2 body acceleration and rotor
feedback systens which have not been considered
In addition, avaluate «chang=23 in the system

ciz3 and respanse.

'tﬁe effects af feedback parane%ers; that  is

¥ gain and weighting between the time-dependent

cantrels, Determine a8 systematic approach to
thosa paraneters for cpZimal stability
ation.

gate +the wuyse of control scheduling with rotor

2 ansure stability during rotor r~un up

the influence of rotor design parameters on the

ance of feedbac: control.
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ANALY1ICAL MODEL

Analytical | prediction of coupled rotor/body aeromechanical

stability |is a difficult task because of the strong
aerodynamic!, inertial, and structural coupling and
nonlineari%ties inherent in nadern rotars. The modification

of system | darping ¢through small changes in blade pitch
settings requires a model ¢that includes all the ingredients
of an aeroelasiic stabili€y analysis. Hcwaver, care must be
taken to mlke the2 model sinple enough ¢to allow efficient
simulation| of wvarious acftive control concepts in order to
deronstrate tha feasibility o2f this approach. At the same

|

time, sufficient detail should be included to systematically

study the ffrect of rotor/body parametric changes on the

ef
cantrol laLs.
MATH “CLEL

A b;ief Vdascription.oF tﬁefmafhematical model developed for
this study and the system pé%ameters modellad follows. The
math model is sirilar %o thé models used in References 11 and
16. The heiicopter Hody fs represented as a rigid fuselage
having pitﬁh and roll rotations (8y,0x) about the center of
mass and longitudinal and lateral translations (Rx,Ry) of the
center of massi see Figure 1. The fuselage physical
propertiel requfred for modelling are its wmass, pitch and

vroll inertias, and effective landing gear stiffnesses and

damping in rota%tion and ‘translation. The trotor hub is

PAGE 15
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located a dislance h above the fuselage mass center. The
blades are ascuned to be rigid and rotate azainst spring and
damper rvesctraints about coincident flap and lead-lag hinggs
offset <from |tha axis of rotation, see Figure 2. The
orientation of the hinygas c¢an be different from the
aerodynamic pitch angla, thus allowing modeling of wvariable
structural flap-lag «coupling and pitch input inboard or

outboard of the hinges. Blade oprecone is included. This

parameter w33 deemed to be important in this study since it

ditectly contributes to the Coriolis forces which augmenf

blade lag danmping.
EASIC ASSUMPTICHE

The majar agsurpbions on which this study is based are listaed

below.

4

The fugsalage or rotaor support ‘is a rigid body with
lateral. longitudinal, pitch and roll degrees of
treedon. Vertical mo%ion and yaw rotation are not

includz2d (Figure 1).

n

The wungevrturbed Ttotor shaft is vertical (direction of

gravity) The fuselage center of mass is located on the

o

rotor shar

|

distance h,

but offset below the hub center by a

'3. The ro%cr operates in a hovering state with low disk

FAGE 16
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loading  The rotor speed is conntant.

The roter coansists of €hree or more vrigid blades

The blade toot hinge is offset from the rotor shaft.

|

The feathering axis is preconed.

.

|

Each Wlade has rigid body flap and lead-lag degrees of

freedam. These motions are restrained by a set of

springs and viscous dampers.

The blade cross—secticn reference points coincide with

the feathering axis. Built~in tuwist iz zero.
The induced inflow is uniform along the blade.

Th

aerodynamic forces are based on two dimensional
quasi-steady theory. Apparent mass, compressibility and

stall| are neglected.
The pitch control inpu% is composed c¢f %two parts: tha
tine | .independent collactive pitch, identical for oll

blades; and the time—-wvarying "activae" a2itch.

For tha2 results presen%ted here the blade active control

is applied &through a conventional swashplate,

PAGE 17
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ORDERING SCHEME

In deriving|the 2quations of motion for this model a large
nucber aof sTall terms appear. Many of thes2 can be neglected
systematically bty appropriately using an ordering scheme.

This is basa2d an the magnitude of blade slopes, which are

typically in the vange of 0.1 < & < 6.2. The various

Fh

parameters in %tha equations are assigned orders of magnitude.

Fuselage motions are assumed to be af oarder O(€‘53. The

active con*rol blade pitch angle is assumed to be of order

L5
O(E )¢ based on experience with the HHC ac4uvator control

inputs, Refe?ence 23. In applying the ordzring scheme it is
then assumed *h=% terms of order O(fz) are neqgligible in
comparison with unity. In addition, all terms that contain

products of the fuselage dagrees of freedom are neglected

EQUATIOQNS OF MOTIONM

The system eaquations af ~otion are derivad wusing the
Mawtonizin |aspvoach. Firsé %he blade dis*ributed inertia and

aerodynamic loads, wusing guasi-steady aerodynamics are

derived. Tha W flap and;'N lag blade zguations (Nx3) are
obtained by 1Etegrating the &istributed blade loads over tae
length of | the tlade and enforcing moment 2quilibrium at the
root hingg. For a detailed description of ¢his procedure see
Reference 34. The four Fuselsge equatians are derived from

dynamic equilibrium at the ‘center of mass. including the

roter loads at the hub, fuselage inertia and gravity loads,
and fuselag= constraint loads due %o landing gear springs and

dampers,

-PAGE 18
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The resulting 3Joverning system of 4+(22N) equations is

ccupled, nonlinear and has periodic coefficiants.

The active contval pitch ingut appears as a=rodynamic forcing

expression :n all equations. The wvalues in the blade lag and
?uselagl translalion equatians are one order of magnitude
smaller | than in the flap equations and in the fuselage pitch
and roll equations., From %hese equations 1% therefore seems
that kuo orisary mechanisms exist to .stabilize gqround
resonance. Firs%, the fusalage pitch and roll motion can be
controlled thraough the piéch and roll momen%ts arising from
flapping. Thz ragnitude o 2ach is directly related +&n the
blade roo% hinge offset and +Fflap spring sti1ffness. Tha
second mechanisn is lead-lay damping augmentation through

Coriolis «coupling with blade +flap motion. This tequires

gcresance of ei1thar steady coning deflectian ar pracora.

As discusseg in References 1% and 28, wunsieady aserodynamic

effects | (dynamic inflow) can at times Have a considerable

effect on the blade flap motltion. Since fiapping plsays an

1mportawt rai2 in stabilizing ground raszcnance perhaps the
conclusions aof $he present s%udy would be changed toc some
degree. In particular +or high flap stiffness rotors

unsteady aerocdynamics should be included in a more refined

model.

FAGE 19
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SOLUTION MET=CD

The nonlinea2r equations of notion can be so0lved directly in
the ¢tine doﬁaiﬁ. However, for parametric stability studies
a frequency|dorcain solution is much morve desirable. The
ejuations ara therefcore linzarized to allcw an eigenanalysis
capability.| The steady-stat2 nonlinear equilibrium position

is obtained| assuring that %hz fuselage degrzes of freedom and

the active blsde pitch are z22ro. In the casze of hover: the

"blade equillisriun pogition is independent of 4fime and can be

nbtained ifsrstively using %he Mewton-Raphson $echnique. The

linearized |per4turbation equaticns are then written as

CMCqeipid @ + [Cla . g)l g + [Kiq )T g + £ (Epraqy) =0

The completa sat of equations is given in Appendix B.

The linear, periodic coefricient perturbation =aquations <can
be solwved rsing floquet theury, Reference 33. In the present

study, the equations are canverted 1into a constant

conefficient cystam using the multiblade or Fourier coordinate

transformaticni eference 5. This 1is possible wunder the

assumptions tha' ali blades are identical and %that the active

is generated ¢hrough a conventional swashplate
"ackive" actuators in the fixed sgstem.' With the

g 10 a hover condition anly the first cyclic blade

mo%ions in flap and lead-lag «couple with +the fuselage

mnotions. Th2 collective and reactionless biade equations are
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not needed. The problen size is thus reduced to 2 flap, 2

tuselage equations.

S

lead~lag and

[M(qg) 1T + 303,031 + [ila,dlg + iSlagily = 0

a
Y

Eq‘I C';S lﬁ: 19" leleley]l
uT = 16,1 6,3

Stability orf the ground resonance problem in the fixed system
is then evaluvated by transftorming the equations into first
order GTrn and performing an zigenvalue analysis. This form

of the gaverning equations is also used to compute tihe time

history response and frequency response of the system.

x = CLAlx + [Bly ,
~ ~ ~e
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study %o |imnrove wupon tha sftate of the

-

COCRRELATION WITH GROUND RESONANCE DATA

In order | to wvalidate the governing equations of motion, a

correlation s+udy was pertarmned for some of 4the rtotor/body

configuratiorns reported in References 37, 12 and 13. No

active controls are utilized for these results

An ercesllent and extensiva body of erperimental and
analytical | da2ta regarding *ha state of the art¢ in aeroelasfic
stability |analysie was opresented at the ITR Methodolcgy

Assessment (Wor¥shop held at lASA Ames (May 1923); Reference

17. From %hz correlation studies presented. it is clear that
in cer%ain <cas2s considerable differences exist betuween
analytical [predizticons and 2xperimental results. However,
the sinmple analy€ical node1l . used faor the opresent
inveztigatisn should ba expected 4o predict the frequency
crossovers | arnd dagmping trends adequately for the rotor/body

systems moda{led here. It i3 not the purpose Sf the current

vt of aeroelastic

1w

stability pregictions.

Results of |3 zlassical ground r2sonance moda2l were wused for

_initial correla%ion. The model <chosen from Reference 27

‘consisted of blade lead-lag and fuselage longitudinal and

la%teral degrees of freedom but no aeroduynamics. All blade

darpers are werking, i.e.. the rotor is isotropic. The
|

_parareters  or this model, harein termed configuration A, are

listed in Tavle 1. As seen in Figure 3, the results of the
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present énalqsis (solid symbols) show vory good agreement

with those of Raference 37.

The experimeﬁtal data in References 12 and 13 used here was
obtained| %2 investigate ro%or/body stability of a hingeless
medel roter. The gimbal body support has pitech and roll
degrees | of ‘freedon. - The blada root atfachment consists of
orthogonal flap and lag flerures at radial s¢ation O.105R,

without | kinema%tic couplings. Collective pi*tch is introduced

outboard| of the flexures. In Reference 12 tantulum rods are
used instead of blades. The parameters for this model,
herein termad configuration B, are listed in Table 2. For

the ¢two| B contigurations, note that the pitch made is

essentially locked gut, for case Bl, while for case B2 both

pitch and roll notions are present. The model blade used in

Raference 13 has a cambered airfoil with zero 1lift at -1.5

degree an3gle of attack. Thus, even at zero collective pitech 77~

the rotor develoas a small armount of thrust. Two cases From

ReFerenc? 13 are considered: configuration 1 (as identified

. . ; . .
in Refterenca (3) with a sott flap flexure of about one-fourth

the stirfness of tha lag tlesura, see Table 3, and identifiad

in this study as configuration C; and configuration 4 with

equal (ma‘tched) Fflag and lag flexure stiffnesses, see Tahle

3, and iTenCIFied in this study as configuration D, System
paraneteTs in Reference 13 were chosen so that the systems
experienﬁe a sligh% aercnechaenical ‘instability at the

. |
coalescence of the regressing lag and the bady toll mode.
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Erperimantal results reported in References 12 and 13 were

included in tne ITR iMeinodology Assessmen®t Study.  HHI's

analqticaJ rasults obtained uvander the ITR czon%ract have bean

repcrted 1n Rererences 14 and 17. To corrzlate with these

results tha present madel includes blade iz2ad-lag as well a3

flap and fuseiage pi%ch and toll degree:, 2f freedom.

Figures 4 and S show correlation with experimental data from

Reference |12 cvhere tantalum rods were used instead of blades

This essen~ially represents an in vacuum" condition.
Parameters rzr this model, configuration 2, are listed 1n

Table 2. ys3%2m modal frejuencies predicted by the current

th

analysis (ss2i14 symbols) cormdpara wall with 4ha oxperiments!
data and|the E-727 analysis, Reference 14, bo%th for the body

roll only|canfiguration Bl, Figure 4, as weil as for the body

ra2ll and pitcn configuration B2, Figure 5 Damping data 13

nat shown sinca the experim2nts only s:nulated a vacuum,

i.e.. aserodynrenic drag forces are s3till present, whereas the

0dy
| _
present ?na ys5is cannot sxpuiate this condition, Predictad
damping ILvels for total vagbum are lower than the measurad
values, Hzu2ver, daméing %rends a3t frequercy crossavers are

very vell|pradictad,

Fiyires é.éhraugh 11 show cBrrelation of zTh2 present ana1gsis
with experizental datalfroo Reference 13 (configuration 1)
and with! €he cﬁrrespondirg &-927 analyses <rox Reference 14
Parameters fer %his model, cénfiguration €. are listed in

Table 3. Fraquencies and lzad-lag damping levels for the
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YR -

flat pitch casa2. Figures &6 and 7, show very good agreement.
Corresprnding roll and pitch damping values; Figures @ and 9,

are generaliy higher than 2xparimental data Ltut in the same

range as E-527 gredictions.

Lead—la? darmping for nine dcogrees of collective pitch as a
Functioé of“ﬁotdrlédeea'is shown in Figure 10. Agreement of
the present analysis (Qolid symbols) with experimental
damping (values is very good up to 650 rpa. This includes the
crossover of the rtegressing lag mode with the body pitch

mode. For higher rotor speeds, at crossaover wyith the body.

roll mode, only 3eneral trends in damping are captured. This

iz certainly a shortecoming but it 135 fel%:t that a Letter
knauledJe andsor adyustment of the body roll frequency and
damping | would improve results considarsbly. Furthermore.
Figure 11 shows %that the curren% 3nalys:i: predicts damecing

trends as a rfunction of collactive pitch angle quite well for

the regress:ng lag mode.

Figures |12 and 13 show correlation with erperimental and

analytical rezuits from Reference 13 <{configuration 4
matched | sziffnass  case). Parameters tor this model.
canfiguration [/ are listed in Table 3. Yorrelation of %ha
presant anaiysis with %ha2 seaxpariment 1s degraded whan

compared | to that achiaved in the soft rfiap flexure case.
However, analyticsl resuylts of the present study are in the
same range as those shown in Reference 13, Results from

Reference 15 show that dynamic inflow yields much better
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cerrelation

for this matchad stiffness rotor.

1%+ is concludzsd %tha% the present model and zomputer code are

sufficiantly

controls on

~valid ¢o 1invastigate the effects of active

rator/body aeromechanical stability.

FAGE 24
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Development 57 conftrol laus and their evaluation for this

study will be rade with the objective to increase rotor/bady

damning levels and aventually eliminate the need for

. blade damper&

sdstem

Constraints an state and con&rol  wvariables
ctRawrasirs =0 =tarr 9 2ERer. TPl .

have ¢a ‘be observed %o
R Sy o

The selaction trade-offs include

avoid adversely affecting overaill

systen performance.

control syst=2z complexity.

active

raliability, stability, and sysiam

interface| requirements.

The basic mzchanism for influencing lesd~lag dynamic~< [:

grovided | thrzugh aerodynanic, Coriolis, and Finema iz

éoupling with HSlade +flapping and featharing inputs. ror
elastiz blad=s, =lastic flap—lag coupling would also plac =
majov Tola “ysalage dynamics are coupled wiin Lia.z

flaparing through aerodynamic and gyroscopilc forces

In implementing the active cantrol terms 1t is assumed tGthat

contvols are applied through a conventiconal swashplate, 1 2.,

control motizns a&are generated by actuators in the Ffi:24

system. The sctive pitch injut to the k‘’th blade can then 52

expressed| a3

Eri = Caciyr o5k + Basey) in g
|
|

- where thJ conttTol inpu%s 6&5 and QAS are yet to be determined

functions af =The nondimensional time parameterty

FAGE 27

CONTROL LAW DEVELOPMENT Cruniint, Ta7el

CF FOUR Golus



R

™

CaWt e T . : . PR

From the above it is clear that the aeromechanical stability

of a helizop¥ter is a nulfi-input/muiti-ocutput control

groblem, IA the present study three different control
L e el .

methods ue%e implemented in the computar code: state

R | — TT—
I

variable feaddack control, output feedback zon4rol, and open

. . " Yy

|
loop contra} Figure 14a shows the block diagrams for state

-4
e e ety

feedback andqutput feedback: each combined with open loop

control. The system equations are

X = talx + iBiy . yl= L8, » O,

n
o
11}
ot
n
-+
)
V]
[N
[
[0
(n)
=
tc
[}

[KJL

fK]‘li y o=y .2.“‘ Y

output resz<hzck: u =
open loor control: y = v v =y (V)
—~ -~ ~ 4

Note, that Lith the oUtht'vactar y being a function af the
lead-lag dlicplacemznt and wvelocity of th2 first blade:. the
[C] matrix [cocntains periodic, cosfficients. This implies that

either a tise history solutian or Floquat theery must be

vsed. In the latter case i€ might be more aesirable to solve

the periodic rater/body 2quations in tha first place rather

than transfsrming the blade degrees of freedom and equations
\

using Four:2r zoordinates. In the present study, time

history in?egration {Hamminn ‘s Predictor—-Corrector method) is

| -

—— -
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used to treat output feedback as well as open loop control.

- T T——— — - P D -

The maotivaticn for the present approach and some additional

assumptions ar2 as fcllous. State feedback i;robvipuslg a

natural choice. Hare it is assumed that ail the states are

e p——

known.

Houever: only onea state at a <%ime is used for
Feedbaé?. Combined feedback of two or more state variables

v

was njt considered. The akove choice of the output vector y
o~

is intended to h2lp clarify %he issue whether for the case of

lead—-lag feadhack knowledge of the complete rotor state,

i.e., &, s is necessary or whether it is sufficient to take

measurements on one blada only. With raspect to lead-lag

damping identiftization, kn32tiadge of one blade’s response was

|

hare Jince it provides %hc capability tc perform frequency

\
G e -

% analyses. Howav:~, opa2n loop caontrol is not used to

sufficient (Referenze 33). dpen loop <conirol is included

raspans

T —— e — T e J - IR -- — e

augmant stabijiity. No attenpt was made at shis stage to wuse

Lo . . -
multivariable oatimal con%trol ¢echniques +to2 maximize the

damping| augnentation since g3ining a basic wnderstanding of

the orablem vuvas fhoughéfto bz more important. For the same- '

reasons| and th: aforem2ncioned probhlam with dynamic

"

stability  measurements in rotorcrsft adaptive control

(combining identification 32 control) was not considered

Returning now %o the implencntation of control inputs in more

detail, | define:
|

l

state feedback: | 3T= E'rﬁcoséleinél dngﬁ/d(i)n n:ﬂ,l,l

e~ Leteyy e
Ci. Gl -

OF PGOR GuUALLY




e
output feedbact: gT = [“cosp: Ksind] 3“:“1:‘)?)

open loop control:

lc

B { K cosd-cos(@w+d) }
K Sﬁ)é'COS(GZ\?"ék)

In the abova srnreassions K is the control gsin. The anghe¢.

herein termad "ra2edback phasa" defines the velative wg}ghtipg

batween the»ﬁinc dependent cyclic controls. In othgr words,

e e =

¢ defines| +hcs azimuthal position where +the gain that
individual blades experience has 1its maximum value. This
point is LO dagrees fron the axis of no feathering aboﬁt
which €he | s:zachplate oscillatesi see Figure 14b. The
quantity eH is one of the system degrees of freedom. aﬁd %,
is a functiLn of the lead-133 displacement and velocity of
the first blade. Tha open loop contral fraquency is QA and

phasing of |42 cosine and sine inpué is danoked by ¢k and ¢k

respectivelly, I% should be zointed ou%t thah Fgfrrsimplicitq

state faedback i3 inktroducad into the 5ec§ﬁ;<order equaticpg:

. | v

thus y is presortional to q; rather than X - State feedback
can then |te thought of as an additicn %o the system

n = O, 1, 2

(o]
-3

stiffness, |daaping, and/or nass matrix, T3

respective}w

Y
>
[
m
W)
fe}
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RESULTS

A4ll the active contrel simuylations in ¢his study were

parformed for €ha rotor/body configuration €. This is a soft

inplane hingei2ss rotor supnoarted on a gimbal with pitch and

roll degrees of freedom The baseline system parameters are

i ) . .
listed in Table 3. When invastigating the affacts of rotor

configuration ¢the blade roo%t hinge offset, precone, and Flép
stiffness lare varied from ¢their nominal values. Parameters
faor thesgse| cases inasmuch.as they differ fron configuratién
C, are shown in Tables S, & and 7 respectively. Nominal
roter speed for configurabion € is 720 ram.  All cases are
run with Fiat pitch, houwever, this rtotor has a cambered

airfoil which . gives a. small positive ¢thrust at zero

collectiveJ Thz modal frequencies and damping for the

baselin2 casa without feedback are shcuwn in Figures 6-2.
Recall, trat the regressing lag mode experiences an

instability at the frequency crossover with the body roll

made, which occurs at 765 rpn

All the results 2resented were obtained using state wvariabile

feedback% contvol. First}'fhe effect of individual feedback

state variables on system stability is explored by wvarying
feedback gain 3and phase systematically, Thzse studies are

perFormed‘

toalescence rolor speed of 769 vpm. Plots of system damping
|

and Frequ%ncg versus feedback phase are wuwsed tao select

at <he point of ninimum stability, i.e., at the
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candidate feedhack states and define feedback phase angles
for maximum ‘dénping augmentation. Nex®, these candidate

feedback statas are investigated in more desth by considering
a range of | rotor speeds %o simulate rotcr Tun up. Results
show the sansi%ivity of tha system dynamic behavior with
respect to |changes in +feadback gain and phase. Following

this, the efrfeci of rotor <canfiguration on active control
. ) .

damping augma2ntation is studied. To this 2nd the blade root

hinge offset. pracone, and +flap stiffness, which are key

parameters n %erms of ccntrol effectiveness, are varied to

i
coverT a range of values typical for articulated, hingeless,

and bearingiess Traotors. Lastly, the rotor/body response

behavior is ccnsidered. This provides a gquantitative measure
of the activz blade feathering amplitudes raquired to achieve
adequate stapility  margins. It also gives a hetter

understanding of the rotor/body mode shapes

PAGE 32
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STATE FEEDBACK SIWDIES

For state feedback the activae blade feathering angle is:, for

various nalyscs, set proportional to individual state

.
variableJ. g:, g;. O 6& A (3 + and their time derivatives.

Figu;es 15 through 28 shou the effect of feedback on system
damping. i.e « real part of the eigenvalue. and frequencies,
i.e., imaginary part of the 2iganvalue. Gain values of K=1,
2 and |3 .and 4 complete range of feedback% phase angles,
C<¢<360.. are considered. Also shown are thea damping' and
frequency of the baseline system withou%t active controals,
i.2., K=0. The rotor speed in these figures is 765 rpm which
‘cotrespoLds to coalescence of the body rvoll mode ‘and
regressing laad-lag mode frequencies; Figure & From these
plots feedback of the follouing states was found to be most
suitale for stabdility augnentation: gt. Ys éi, éx and éx,

see Figures 164, 18, 20. 22, and 23. Individual results are

discussed in de‘ail belou.

Figure 15 shous the influence of cosine cyclic lead-lag

‘position ftasdback (cE) on system dynamics. The baseline

(K=0) lead-laas regressing rode is unstablz for this operating

condition. Dzpending on the Feedﬁack phas2, variations in
feedback gaiﬁ can increas2 damping and stabilize this mode
(250<¢<?0 deg) or decrease damping and furthev destabilize it
(30<¢{2§0 deg). The opposite behavior is observed for the

progressing lesd-lag mode which is stable for K=0. It’s

PAGE 33
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damping is decreased for fecodback phase betueen 180 and 360
¢dejrees angd |increased +for feedback phase between O and 180
degrees. This nakes the pro3sressing lead—lag mode.the least
damped moda |fTor eredbacs shase between 2%0 and 360 degrees
and, depending on the gain value, can result in system
instability. Therefore ¢theare .ezists only a small range of
Feedback phasa ang}es(__aroqnd ¢=O. where ¢the rotor/body
sijstem could be stabilized ¢through active con¢trol. Feedback
of CE is therefore not considered to be a suitable choice

Similar findirngs can be rfade for é% and é% feedback, see

Figures 17 and 19,

Figure 16 shous the influerc2 of cosine cyclic lead—lag rate
L]

fredback (ﬁi) N system dynamics. Aga:n, da2pending an %tha

feedbac% phasa, *%he daméing 2f the regressing and progressing

can be increased or dexsreased from the

[h}

lead~-1lagy maia
baseline wvalu2s. This tire:. however, damping for both modes
is increased over approximately the same raﬁge QF feedback
phase wvalveas. As a tesul®t the system can be stabilized for
feedback phasz between O "‘and 110 degrees. The maximum
increase in darpiﬁg occurs at approximately 60 degrees

feedback ph3s2 and is direc%ly proportional %o the feedback

:

‘gain, Feedhack oaf qk is thus considered tno be a suitable

candidate far s3%ability augnentation. Similar findings can

be made fcr feadback of Yy at ¢=240 and feedback of g& at

¢=60 degrees; see Figures 18 and 20. Continuing the
|

L]
discussion Jof Figure 16, it is seen that g? faedback control

changes the(roll and reqgressing lag mode frequencies only to
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a limited extend. Furthernore, at feedback phase angles of
approximately &9 and 240 dagrees these modal frequencies
remain |unchang2d for all values of feedback gain. This
clearly shows that the improved system stability at ¢=6O
degrees| is a direct resul%t of increasing the regressing lag
node irnherant danping and nau%t due to a change in coalescence
Totor Lpeed. Inspgction of the roll mode and regressing lag
node danping indicates that the source of the increased lag
damping is a reduction in roll mode damping. However. %he
rall nore is uell damped in the baseline system and this

exchange o¢f da.ping is therefore beneficial for overall

system stabilidy.

The effect of roll attitude, rate, and acceieration feedback

is shown in Figures 21, 22, and 23. Again, damping of the

regressing and progressing lead—~lag mode is increased or

decreased depending on the feadback phase. In addition, roll

a&titu?e teedback (Figure 21) can 1lead ¢to <considerable

instability of the roll mode and regressing flap mode at

gbserved for roll rate and rvoll acceleration feedback for’

certai values of feedbact phase. This behavior was also

gains |greater %than ¢hose shown in Figures 22 and 23.

Réturning to Figure 21, roll attitude feedback could be used

to stabilize the °system for feedback phase btetueen 45 and 120

degrees. Howevar, '~ the fraquency plot shows that in this

range yhe voll mode frequency is raised considerably. Any

\ o
gains |in system damping would thus largely be due ta a shift

of the|/coalescence rotor speed rather than an increase in. - -
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regressing |(l1aj mode inherent damping. ‘Feedback of roll

attitude is | tharafore not Turther considered. Feedback of

roll rate irFfiqure 22) a%t a teedback phase betueen 90 and. 120

degrees adds damping to the regressing lag mode while keeping

the regressing lag and roll mecde frequencies almost
unchanged. Houzver, the feedback gain would have to be

increased to provide adequate system stability margins.

Similar observations can be made for Tto0ll accelevation
feedback (Figure 23) at a feedback phase betueen 240 and 270

degrees. Thus, both roll rate and acceleration seem to be

suitable feedpack states and will be studied in more depth.

Feedback of pitch attitude, Figure 24, is seen to have vérg
£ on damping of %he regressing lead-~lag modm. At
mz2, damping of thke pitch mode and regressirg flap
mode can be louered to a point of considerabla instability.

Resul%s from pi¢tch rate and acceleration fesdback, Figures 25
and 26. slou 7o change in regressing lag mode damping and,

for larger lainsc can be erpa2ctad %o exhibi4% similar pitch
mode instaiilities as for f2edback of pitch e%titude. Pitch
feedback is therafore not considerad a suitable choice for
;eliminating the regressing lag/roll node instability

cansidered pneve.

The influence of flap feedback states on system damping 1is

shown 1in Txgures 27 and 2a. While leading to large changes

L . S . .
.in damping of %tha regressing and progressing flap modes. the

ddmping of | the regressing lag mode is not improved and the

PAGE 36




| 2 aff £ AN

AT T LTI T

flap stato variables are not considered for rotor/bady

damping augmentation.

. . Lond . .o
Based on Fhe above results teedback of 4‘::, gs. tfsl 8x, and 6x
wasg Furtger svaluated by considering rotor rpm sweeps and
varying tLe gain K., while %eéping the feedback phase ¢ at
constant [value: seaq Figpres 29 %hrough 32. The valve cf‘¢
was éhosen as discusséd previously. The objective was to

select a| value of ¢ thtat would increase damping fecr the

regressing and advancing lag mode but leave the +frequencies
of ¢the regressing lag ~ode and roll mode unchanged. In
selacting| tha 3ains K, an attempt was made to obtain
approrimately ¢the same range of regressing lag mode damping

‘ -

values fTor a3il fTive feedback states. It i5 seen that in all

five cases +the sqétém can be stabilized at all previously

critical rotor speeds, although to a wvarying degree. This
will be| further quantirfiad ¢through Tresponse <solutions.

Feedbact of the selacted lead-lag states, Figures 29, 30, and

31, adds considerable damping to the regressing 1lag ~mode

asove 700 rpr and stabilizes the system. A%t the same time

the frequencies and in psrticular the coalescence rotor speed

of the regrassing lag/roll .rode are changed wvory little

However., a% the crossover of the regressing lag mode with the

body pitch node (600 rpn} these feedback controls could

destabilize the system. depending on the wvalus of feedback

gain. Ffedback of roll ra%e and roll acceleration, Figures
\
32 and 33, also augment the damping of the regressing lag

mode above 7C) rpm and could be used to stabilize the system.
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Roll feedback has no effect on the regressing lag mode

damping at | coalescence wuith the pitch node.  This is

consistent |with the previous observation that pitch feedback
is neot suitaYle %o eliminate th2 coupled resressing lag/roll
mode instability. It 13 further interesting to note that
feedback of | the baody rvoll rate and 1n -particular roll

acceleration lead to considarable shifts in the frequency of

the roll mode and ¢therefcre changé the coclscence rvotor

speed. The stability gains seen in Figures 32 and 33 are

thus atéributablie to a corkination of increased inherent

damping and rreiluency shirfts. Whether such a change in roll

frequency is desirable must Lte decided on a case to case

basis.

The sensitivity of the system dynamic behaviar with respect

|

ta the rfeedbac? phase is 2rploured in Figures 24 through 3Z7

for feedback of ¥ Yo, O and &, respectively. In each
casue. three pha.e angles near the optimum value were chosen.
while the gain uvss kept at a particular value representing

approxinately sinilar control effort in t2rms of active blade

pitch anglz aaplitudas. These values were determined from
response studies to be K=0.3..3.0, 9.0, and 27.0 for &. &
6, and O feedback, respectively. Notz2 that for clarity
X x

only %the regressing lag mode  damping curvas gare shown 1iIn

Figures 34 tﬁraugh 37. Other:sqmbols shcw %he damping of the

prcgressing‘lag node and.othar system modes. Again, feedback

of g; and é; for the gain values shown in Figures 34 and 35
| o

kaeps the shsten frequencies unchanged. Damping results show
|

-
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that feedback phase can be used to maximize the regressing

lag mode damping at each ro%tor speed. This indicates that a

phase Tchedule uith vrpm could be used., Feedback of the roll

rate and roll acceleration: Figures 36 and 37, leads to roll

fade frTquen:g changes. However, the system is stable at the
naw coalescance rotor speed uhich means that inherent damping

has beén éd&ed' ts ' the ragressing lag mode. Furthermaoare,
while the fegsdback phase has little effect on system damping
. it is |seen *+to te a powertul parameter for changing the roll

made frequency.

The results ogbtained so far are summarized in Figures 38 and

39. These figures show root locus plots for the candidate

[ S

lead-lag and rall feedback state variables. In each case the

regressing lag o2de is the least damped modz and thus governs

system stability. It is seen that feedback of the state

variables gi, &' gi, ék, and @, can be usad to eliminate
the inpane/roll instability of the baseline system. The
feedbagk' gain K can be_increased to obtain a specified level
of regreLsing lag mode damping at the coaiescence rotor speed
(Figures| 3Ba, b arnd 3%a,b). The feedback phase ¢ can be wusad
to maximize tﬁe regreséiﬁg lag mode damping augmentation at
é . cther rotor sneeds (lead—-lag feeadback shown in Figures 38c¢

and d) |or change ¢the roll mode frequency which indirectly

: changes ?he r20ressing lag made damping (roll feedback shouwn
i

in Figuﬁes 3%c¢ and d). These results also show that a

\
- different choice of feedback state variables and control
parameters (R.¢) would be needed to eliminate an
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inplane/pitcw instability. Quantitative resulés are given in

Table 4. For f;. g}, Yo and 6, feedback about 1 percent of

critical damping is introduc=d for the regressing lag mode at

a maximum active blade pitch angle; @apex+ ©OFf one third

degres per deqree of cyclic lead-lag angle. ?ar 6x about 1.5
percent of |critical damping 1is introduced with the same
control angle. (Figure 37 shows that the 1larger change in
damping with &x feedback is5 due to changes in the roll mode
frequency.) |The control angles shown in Tatle 4  are quite
srall in particular when caonsidering the low frequency of the
control mo+tieon. However, i% will be important to engage the

control siysten before the lead—lag motion <can build wup ¢o

lavge amplitudes.

The results| shawn so far sTe very promising. They indicate
that several|ways exist to augment rotor/boay stability. The

of contral mechanizatian can thus be

D
ot

inportant asaec

approached with considerable flaxibility.
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EFFECTS| OF RCTCR CONFIGURATION |

Very imporctant rotor paraceters in ternms of cantrol

effectiveness are +the blade root hinge cffse%, precone, and

flap spring stiffness. These parameters were varied from

their baseline values (contfiguration C, Table 3) to cover a

rang=2 of valuss Tepresentative of articulated, hingeless. and

bearingless ro%ors. At the same time the blade root spring
stiffnesses, lead-lag damping and body roll stiffness were
cﬁanged 0 that %the moditied rotor/body systems would closely
approrimate the baseline system at the <coalescence rotor

speed in termns of roll frequency and ragressiny lag made

Tequency aagd damping. Use of these ejuivalent dgﬁamic
systems| 1is intanded ¢to parmit direct <comparison of the
stability rasul%s obtained uith.Feedback contral. Parameters

‘ : _
for these sys%eus, inasmuch as they ar=z different from

configuration C, are listed in Tables S, &6, and 7.
Figure | 40 shaus the frequency and damping for the equivalent

dynamic| systems uvhen the blada root hinge offset 1is varied

from 10 to 5 =nd 2 percent. The regressing lag and body roll

"~ frequency remain unchanged at the cocalescence rotor speed of

785 Tpm Also tha damping curves match very closely between

720 and 830 ram The erffects of preccne and flap spring

stiffness are investigated for the lowest wvalue of hinge

offset 1(@ = ,023). Precone has negligible effects on system

L. ,
frequencies. Fijure 41 therafore only shows the damping for
|

the equivalent dynamic systems when precone is'changed‘From
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' 0O ¢o 2 and

4 degrees.

It is seen
wall ma%ched

that

-
damping values are
+hraughout the unstable regian. Figure 42 shouws
the system rragusncies and damping when the Flép stiffness is
- reducad tL zaro, Frequencies are well matched with the
exception LF the regressing flap mode.
. character

This mode changes its
from baing regressing in the fixed systam (rotating

frequency Lreater than one) %o being

. progressing
frequency

(rotating
smaller than one! as the flap stiffness is reduced
As result

a

domping

‘ values
rotor speed.

match only a% the coalescence

Investigaji:n aft active conérol

sine cyclic l:ad-lag positian (

is limited to teedbsck of
state

the
£5) and roll acceleration (&x)
variabiss. For these %wo feaedback ztates a brief
- uvas condulﬁ?
phase aanes

study
4 %o detérmine approximately tha optimal feesdback
&

znd appropriate feedback gain
and 7 lise

lavels,
thase feedhack

parameters
system

dTmping

offsets (Tanie

Tables 9,
*he resulting

and
Rasults for the wvaricus root hinge

values.

S} and precone angles
by k=eping

= 0.2%9 degrees for q% feedback, approximaceiy O. 4 degrees for
B feedbacy)

tn

a

(Table &) are abtained
aztive blad@ feathering anglzs constant (Opmax

It is seen that the syst:m is stabilized for
all ¢the |differ2nt configurations, both for g@ and Sx
feedback. InmcrT2ases in increase the damping

frequency

hinge offset
levels evea <¢houygh the flapping is reduced
Similarlq? increases 1n precone angle increase the damping
levels. uhen reducing the rflap spring stiffness to
(Table 7)

zero
larger active blsde feathering sngles (“2 degrees)
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are requTrgd to obtain stability margins of approximately 0.5
percant critical damping. I% should be pointed out, however.

that typical srticulated rotors have hingz' offsets larger

than the configurations in Table 7.

The above rasults, while being of a limited nature, show that

the root hinge offset, flap spring stiffness, and precone

have considarable influence on the contral effectiveness.

This had to be anticipated due to the action of hub moments

and Coriolis caualing. I¥ can be <concluded +that active
control for rotor/body damping augqmentation will be
particularly poucrful for hingeless and bearingless rotors

which ¢ypizally have a large virtual hinge offset and flap

spTing stiffness and in many cases also pr2cona. Cantrolling

the aercmechaniéal stability of typical articulated rotors
will be|a mcre difficult task. For these raotoaors it might be
helpful %o wue2 callactive bladé pifch ts introduce steady
blade coning derflection. This should have similar benerficial

effects on control effectivaness as precone
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ROTOR RESPONZE

Raesponse results are intended to be of a qualitative nature,
ta give a |batter understanding of the rotor/body mode shapes
or to give | an indication af the required control input

magnitudes.

Free Response from a set of initial <conditions, forced
respoanse, and fraquency response results are presented for

canfiguratian C. The frea response resul%s are computed

using an aporopriate eigenvector from the stability analysis,
N - ’
nornalized to a maxirun lead—lag amplitude of one degree, as

an initial

cendition. Frequency response and rforced response

\ '
are conpu;ed by simulating a one degree blade pitch stick

— e i e em

L - . . . , h )
stir, eztmer in the advancing or ragressing direction. For

Frequencqrresocnse the nondinensional excitation frequency QA

is variej trcn 0.1 to 0.7. Forced response is computed by
starting 7i!h th2 system at test (zero initial condition) and
an excitatisn fraguency QA = . 336, corresponding %o the

frequency | aof ¢the Tregressing lag mode at coalescence. The

rotor speed is 745 rpm in all cases.

Figqure 43| shows the response of the baseline system with no

feedback Ic-'m':rols applied. The progressing lag mode (high

i'ﬁrequencq) 1s seen to be statble. The regressing lag mode

(low fregquency? 1is slightly unstable, with critical damping

|

of . = -0, 53 percent. It’s nodal components consist largely

of the cyclic lead—lag motians (&E.fs). the bady rall degree
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of freedom (Ox):, and lateral cyclic flapping (/%). There is

|

very lit%le pitch and longitudinal flap motion. The inherent

stabili%y /| o+ the ro%tor/body system with sine cyclic lead-lag
feedback control at K=1 and ﬁ = 240 degrees is illustrated in

Figure 44. The %ime histdry response of the regressing lag

mode showus that with feedback this previously unstable mode’

|

(Figure 43b) is. stabilized and both cyclic - lead—~lag degrees
ot freedon, g% and ﬁ%: reduce significantly in amplitude in
only %en rotor revolutions. It is aiso se=n that feedback
control Jlincreasas the participation of ¢the flap and Lbody
pitch and rall mations in 4he regressing lag mode.  This
could be ¢he source of the increased damping of this mode.
The amplitude of active blsada feathering in Figure 44 is 0.9
dagrees |initially and redures to less than 0.5 degrees over

ten To%or ravelutions.

Figures 45 and <% show the response of configuratian C +to

aivancing and regressing stick stir excitatian at the
regressi?g lag nzde frequency. Mo feedback controls are
applie&. The _sgétem is initially at rest, After ten rotor

revolutions £he axcita%tion is stopped and ¢the rotor/body
system is allouzd to mave.freely. This simulates a procedure

typically uszd in helicopter ground resonance festing. It is

|

se2en that stick stir in eithar direction exzites the unstable
regressing lag mode and rasults in growing lead-lag motion

anplitudes after the excitation is stopped. Note however,
‘ .
that tﬂe regressing stick stir (Figure 44) leads to much

larger amplitudes than the advancing stick stir (Figure 45).
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Examinationgoi the regressing lag mode eigenvector shows that
it‘s flapping <contributions are sequenced in a regressing

direction. }This mode is tharefore most readily excited with
a regressing stick stir,

Frequency response analysis is used to compare the effect of

increased blade lead-lag danfing versus the application of

feedback éontrol. Figufe 47 shows *he influence of
|

increasing the lsad—lag dacmping from qq = 0.52 percent to 2

percent and 8 percent critical. No feedback controls are

anplied. Fiqure 49 shows the influence of g% feedback with

increasing igain values, K = 0.3; 1.0, 3.0, and ¢ = 240
degrees,. D%mning is held 3¢ its nominal wvalue of qq = Q.52
percent. in bsth cases only the frequency vtesponse of the
césine cqcli# lséa—lag mﬁt;on is shown. Comparing both

m3qnityde ;nd ahase ploés qualifiativelq indicates that
feedback caﬁtrol and additionaf— blade damping have very
sicilar eféects in +%erms of system dynamics., This is an
additional indication that active control can be used to
augmeﬁﬁ' ro;or/bcdq daﬁpiné agd reduce or even eliminate the

|
need for lesi-lsg dampers.
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CCNCLUSIONS

The f present study indicates that active controal blade

feathering through a conventional swashplate is a viable

neanﬁ to incra2ase rotor/body damping levels and to eliminate

ground resonance instabilities. The choice of cantral

| . .
par@meters depends on the rotor/body  configuration under

consideration and must take aspects of control mechanization
|

into arccount. Based on ¢the stability and rasponse results

preﬁented here far state variable feedback control the

following canclusions can be drawn.
I
|

| .
Roll rate and acceleration and blade inplane notion (e s

systen. I+ eliminates ¢the ragressing ls5/rvoll mode ground
resdnance instability of ¢hz hingeless model rtrotor wunder

| ’ o
coensideration. The feedback.phase ¢, i.e., ueighting between

the cyclic coan%rols, 1is seen %o be a poverful parameter.

Depending on the value of ¢ the system can be completely

stabilized or further destabilized. With the proper choice

of feedback phas2 damping of the regressingy lag mode can be

maximized without adversely affecting the damping of other
sqs#em nodes The feedback jain K can then b2 adjustaed to

ohtain a soezcifiad level of regressing lag mode damping at-

thejcoalescence rotor speed For g;, §s' §s+ and 6x feedback
|

abo#t 1 percent and for gx about 1.5 percent of critical

|
damping is 1nfroduced for the rTegressing lag mode. This
[ : N
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damping abgmentation is obdtained with an active blade
Featheringjamplitude of 1/3 degree per degree of blade cyclic

lead—lag anylie.

Inspection. of the systor eigenvalues indicates that the
|

increased iag darping might be due to a reduction in damping

of oather  system modes, no%tably roll or flapping. However,

these mode% are uell damped and this exchange of damping is

| benaficial for ovarall system stability. From the

therefore

regressing lag =ade response it is also sean that feedback

i

|

control g;nerallq increases participation of longitudinal

filapping ahd bad: pitch motions in this mode. This could be
!

an additional source of 4he increased regressing lag made
!

damping.

Ro¢taor rpm éweeps show %¢hat uvith the above fz2edback controls,

salected éc the coalescence rtotor speed, the system is
(

stabilized: throughout the range of previously unstable

cperating %:onditions. Far lead-lag feedback (ei, g}. éi)
the sqstemLFrequencies .and: in particular the coalesﬁence
rotor spe%d ramain practically uﬁchanged. Improvements in
systenrm sta%ilitq are a 'direct result of increasing the
%agressing? 1ag mode. damﬁkng. Furthermore, scheduling the
feedback pbasa with rotor speed can be used to maximize the
damping éugJEntation. For roll feedback: (@x, ©x) the
feedback p;ase has a considerable effect on ¢the 7roll mode

|
Frequencg.: 2asides incveasing the regressing lag made
|

danping, rtoil acreleration Tteedback in particular can be
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designed ¢&n shift the ccalescence rotor speed. This would

indirecthiim;rcve system slability through active control of
frequency blacen:nt. Lastly, i% is seen that a differ<nt

ckoice oFl feadvack state wvariables and ccné¢rol parameters
i

would be nécessarg to eliminate an inplane/pitch instability.

For the présent configuration the active cocntrols should be

applied only a% rotoar spzeds abave +tho crossover of the

regressing| lag mode with the body pitch mode.

Increasingithe raot hinge oFFset. flap spring stiffness, and

precone iéproves the contraol effectiveness considerably. It

can be concluded that active control for rotor/bodb damping
|

augmentatién vill be particularly powerful for hingeless and
bearingles$ rntcTs Controlling the acromechanical stability

cf articulqted rotors will 52 a more difficult task.
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FIGURE 1. Fuselage Model

EIGURE 5. Rotor Blade Model
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!(j TABLE 1: Rotor/Body Properties for Configuration A
i: 1 Number of blades 4
¥ . Hinge offset, ft 1.0 (.3048 m)
;§ Blade mass, slugs 6.5 (94.9 Kq)
LJ Blade first mass moment, slug - ft 65.0 (289.1 kg - m)
E} Blade second mass moment, slug - ft 800.0 (1084.7 xg - mz) )
) Lag spring, ft - 1b 0.0 (0.0 N-m)
: Lag damper, ft - 1b - sec 3000.0 (4067.5 Nem-s)
g '
: Fuselage mass long, slugs 550.0 (8026.6 Kg)
2 Fuselage mass lat., slugs 225.0 (3283.6 Kg)
;’ Longitudinal Stiffness, 1b/ft 85000.0 (1240481.8 N/m)
5 Lateral Stiffness, 1b/ft 85000.0 (1240481.8 N/m)
é Longitudinal damping, lb-sec/ft 3500.0 (51078.7 N-S/m)
| Lateral damping, lb-sec/ft 1750.0 (25539, 3M-5/m)
Ef Rotor radius, ft 24.0 (7.32 m)
i Chord, ft 1,75 (.53m)
7 hominal rotor speed, rpm 300
8 Precone, deg 0
g Height of rator above body mass, ft d
]
i
|
i
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K
TABLE 2: Rotor/Body Properties, Confiquration B

| Number of blades 3
% Radius, cm 38.01

Chord, cm 1.26
: Nominal rotor speed, rpm 100C
; Hinge Offset, cm 8.51

Precone, de§ 0

Blade aiffoil Circular

Lift curve slope .0
| Profile drag coefficient 1.0

Lock number .0182 (0.0)
{ Solidity ratio 0.03179
4
3 Blade mass, kg .699
3 Blade first mass moment, Kg ch 9.275
? Blade second mass moment, Kg cm2 177
E Nonrotating flap frequency, Hz 3.01
: Nonrotating lead-lag frequency, Hz 6.39
E Damping in lead-lag, % critical .185
F Height of rotor hub above gimbal, cm . 24.1 ‘
3 Fuselage mass in pitch..Kg 19.27
3 Fuselage mass in roll, Kg 19.27
{ Fuselage inertia in pitch.Kg cm? 5110
i_ Fuselage inertia in roll, Kg cm2 1870
ﬁ{ Pitch frequency, H2Z Bi:27.4; B2: 2.39
{; Roll frequency, Hz 3.6
ig Damping in roll, Zicritical 3.0
r | Damping in pitch, % critical 3.0

|

L !
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TABLE 3: Rotor/Body Properties, Confiquration C and D

Number of blades

Radius, cm

Chord, cm

Nominal rotor speed, rpm

Hinge Offset, cm

Precqne, deg‘.‘

Blade airfoil

Lift curve slope

pProfile drag coefficient

tock number

Solidity ratio

Blade mass, Xg

Blade first mass moment, Kg cm
Blade second mass moment, Kg cm2
tonrotating flap frequency, HzZ
Nonrotating lead-lag frequency, Hz

Damping in lead-lag, I critical

Height of rotor hub above gimbal, cm

Fuselage mass in pitch, Kg
Fuselage mass in roll, Kg
fuselage inertia in’pitch,Kg cm2
Fuselage inertia in roll, Xg cm2
pitch frequency, H2

Ro 1l ffequenc}_ Hz."-

Damping in pitch, % critical

Damping in roll, 2 critical

8l.1
4.19
720

8.51

0.

NACA 23012
27

0.0079
7.73
0.0494
.209

3.887

173

€.70 6.73
0.52 0.53

1.59; 2*
3.9; 4
3.20
0.92%

*8ody Frequencies used in study of active control.
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FEEDBACK K 5
STATE deg

o
rad/sec

0Amax
deg

3

3
()

BASELINE 0 - .145 -.58

-.164 .65 .32

.3 240 -.137 .54 .29

3 60 -.178 .71 .34

9 90 -.149 .59 .33

27 270 -.288 ! 1.13 .39

i

- ———

4, Summary of State

Feedback Results for
Configuration C. -

(2 =765 rpm)
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Hinge a " O Amax Feedback K \ clag lag flap
' 0ffset | rad/sec tc, deg State deg N-m-sec N-m N-m
;/;:1! % R

iz*i —

5 10 | -.137 .54 .29 “s .3 | 260 | .oa76 30.66 6.69
5 -.097 .38 .29 bs .3 240 .0049 41.8 26.0
S 2 -.077 .31 .29 °s .3 240 | .0036 47.8 38.8
)

1. 5 .

L, 3 0

g m 10 -.284 .13 .39 X 27 270 .0076 30.66 6.69
& ] — *°

tul 8 5 -.158 .63 .45 Ox 27 270 | .0049 41.8 26.0
i 2 | -.119 47 .37 Oy 7 | 270 | .00% | 478§ 38.8
3 O l !

ﬂ > TABLE 5: Effect of Hinge Offset on Feedback Results for Configuration C., Equivalent

X - Dynamic Systems. ( @ =765 rpm)

+ Without active control (K=0) system damping is n= -.58% critical for all three
values of hinge of fset. ' |
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l n c k k
Precong o 0 : lag lag flap
Amax -Feedback K ¢ ) -
h deg rad/sec %cc deg State | deg N-m-sec N-m N-m
of 0 077 .31 29" g 3 240 | .0036 | 47.8 38.8
o3 2 116 .46 29" £ 3 240 | .0063 | .47.8 38.8
rb 3 ‘.
i 4 .157 .62 .29 tg g .3 240 .0089 47.8 38.8
!
& I R 19 a7 .37 0 27 270 .0036 47.8 38.8
£ Q 2 .288 1.14 .43 0 | 27 270 .0063 47.8 38.8
41 : X
% 4 507 i2'01 .50 0 ' 27 270 .0089 47.8 38.8
) X l :
iE | ~
B
' TABLE 6: Effect of Precone on Feedback Results for Cenfiquration C.,
i Equivalent Iynamic Systems,
(@ =765 rpm, e = .O2R)
;:' + Without active control (K=0) system dampiny is
1 : : e : :
g n = -.58% critical for all three values of precone.
i T ' ‘
¥
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t o ! ’ ¢ | c ! k ! k
Flap Y i Amax Feedback , K | b ag i lag I roll
Stiffness | rad/ %cc deg i State ; | deg ; N-m-sec I N-m i N-m
N-m sec | ' ; | ! !
: | ! ! :
. i § l i _
38.8 -.077¢1 .31 .29 } i ' 3 240 ; .0036 i 47.8 115.6
19.4 -.181}F .71 - 1.00 i &g 1. 2 260 ,0110 : 48.1 132.0
! ; ' i '
0 -.132| .52 1.83 t 2. 225 ¢ 0595 47.5 138.0 |
t . ! H
b i i .‘
| | - | i = =
38.8 P- 119 .47 37 0 - 27 5‘ 270 i .0036 47.8 115.6
}‘ ; X 1 .
19.4 C-.2320 .91 1.17 ps 27 ¢ 270 . .0110 48.1 132.0
! x i
0 : -.334! .36 2.41 5 _ 27 1225 © .0595 47.5 138.0 X
5 X : |
TABLE 7: Effect of Flap Stiffness on Feedback Results for Configuration C.,

Equivalent Dynamic Systems.
(2 =765 rpm, e=.02R)
+ Without active control (K=C) system damping is

n = -.58% critical for all three values of flap stiffness.
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APPENDIX A: LIST OF SYMBOLS

Lift Curve Slope

‘State Space System Matriu

State Space Control Input Matrix
Blade Chord

Profile Drag Coefficient
Fuselag; Longi1tudinal Damping
Fuselage Lateral Damping
Fuselage Roll Damping

Fuselage Pitch Damping

Blade Lead-Lag Damping

Damping Matris, Stats Space Qutput Matria

Blade Root Hing2 Qffsat

. Forcing Vector

Contral Input Matrix

Blade Structural Lag and Flap Dampxﬁdii
Offset of Rotor Hud from Fuseiage C.G.
Blade Secand Mass Moment of Inertia
Fusaelage Roll Inertia

Fuselage Product of [nertia

Fuselage Pitch Inertia

Blade Index, k=1 . N

Feedback Cain Canstant

Blade Flapping Spring

Blade Lead-Lag Spring

Fuselage Longitudinal Stiffness
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Fuselage Lateral Stiffness

Fuselage Roll Stiffness

Fuselage Pitch Stiffness

Stiffness Matrix, Matrix of Feedback Cains

Length of Blade. from Rcot Hinge tao Tip

Blade Mass

Fuselage Longitudinal Mass

Fuselage Lateral Mass

Mass Matri.ux

Number oF Blades

Nominal Rotor Speed

Vector of Generalized Ccordinates

Rotor Radius

Fuselage Long:itudinal Motion

Fuselage Lateral Mot:on

B3lade Firs:t Mass Moment oy [n%eri1a3

Vector of Control Inputs

Open Loap Forcing Signal

Vectar aof State Space Variables

Vector of Output Measurements

Flapping Motion of
RotOf:Cosine- Sine
Precdﬁe
LockiNumber

brder of Magnitude
Lead-Layg Motion of

Rotor Cosine, Sine

tha %X‘th Z2laae

Cyclic Flap Desgrees aof Freedom

k"th Rlade

Cyclic Lead—-Lag Degrees oF‘Freedcm
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Modal Damping cbeFFicient.>Z Critical

Blade Lead-Lag Damping, ¥ Critical

Rotor Callective Pitch Angle

Active Control Blade Feathering Angle

Active Control Feathering Inputs to NonrotatiAg
Swash Plate

Maxirnum Active Control Blade Featharing Angle
Per Degree of Lead-Lag Motion »

BDlade Aeroadynamic Pitch Angle

Orientation of Blade Root Springs at Elqt Pitch

Fuselage Roll Motion

"Fuselage Pitch Motion

Inflow Ratio

Real Part of Eigenvelue, i.e., Modal Damping, '
rad/sec;, Rotor 3Solidity

Feedback Phace, 1.e. WHeignhting Between Cyclic
Controls |

Phase of Opeﬁ Loop Cyclic Contral Inputs
rlondimensional Time Parameter, Roter Azimuth
Azimuth Angle of k‘th 3iade

Imaginary Part uof Elganval;e- i e.. Modal
Frequency, rad/sac

Open Loop Forcing Frequency

Rotor Speed .

Nominal Rotor Gpeed

Nondimensional Quantity
Steady-State Equilibrium Value

d()/dy
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APPENDIX B: EQUATIONS OF MOTION

The ;nonlinear steady—state blade equilibrium 2quations and
the linearized periocdic coefficient perturbation equations

Fori the blade and fuselage degrees of freedom are given in

_thiQ.Appqnﬁixt .

STEADY-STATE EGUILIBRIUM
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DYNAMIC EGUATIONS
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